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Satellite synthetic  aperture  radar ( S A R )  interferometry  shows  that  the  magnitude 7.6 Manyi 

earthquake of 8 November  1997  produced  a  170  km-long  surface  break  with up to 7 m  of 

left-lateral slip, reactivating  a N76"E quaternary  fault in western Tibet. The  radar 

displacement  map  reveals  asymmetric,  along-strike  displacement  profiles  between  the two 

sides of  the surface rupture, a  pattern  that  cannot  be  explained  with  linear  elastic theory. 

This observation  suggests  that  the  elastic  moduli of the  crust  in  tension  and  in compression 

are different due to the  presence of cracks  in  the  crust  at  shallow depth. A model  indicates 

that  a  ratio  of 2 between  compressive  and  tensile  elastic  moduli  can  account for the 

observed asymmetry, a ratio consistent  with  laboratory  and  borehole  measurements. 

Geodetic  measurements  of the static surface displacement  field  produced  by  large 

earthquakes provide  information  about  their  source  mechanism.  Linear models of 

dislocation  in  an  elastic  half  space (1)  are  widely  used  to  represent  earthquake faults and 

generally  provide  a  satisfactory fit to  near  and  far  field  displacement  data  obtained  with 

conventional  geodetic  techniques (2). However, laboratory  experiments  and  in  situ 

measurements in boreholes  have  shown  that  many  crustal  rocks  exhibit  a  non-linear  elastic 

behavior  in compression and  tension  with  a  dependence  of  the Young's modulus on the 

minimum  principal stress (3). The  effects  of  non-linear  elastic  properties  of  crustal rocks 

have  never  been observed in  geodetic  signals  associated  with  elastic crustal strain  because 

of  the  low  density  of  sampling  of  techniques  using  ground  based  instrument arrays (4). 

Here  we  have  used  the  technique of SAR interferometry (5) to analyze  coseismic surface 

displacement  in  the  near  field of  the  1997  Manyi, Tibet, earthquake  rupture. 

The  magnitude  (Mw ) 7.6 Manyi  earthquake  occurred  on 8 November, 1997 in  the 

western  part  of Tibet with  a  hypocenter  depth of 15 km.  The  region  is  flat  with an  elevation 

of 5000 m  near  the  western  end  of  the Kunlun fault (6). The  focal  mechanism (7) indicates 

left-lateral,  strike-slip  motion  on  a  fault  plane  parallel  to a mapped quaternary  fault (8) (Fig. 
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1). The aftershocks define an east-northeast  trend  approximately  aligned  with the fault (9). 

To map  the earthquake displacement, we combined  SAR  images  acquired by  the European 

Remote Sensing satellite (ERS-2) on  three  adjacent  tracks  before  and  after  the  event (10) 

(Fig. 1). The  topographic  signal  was  removed  from  interferograms (1 1) using a digital 

elevation  model  (12). The resulting  interferogram  shows  the  surface displacement produced 

by the earthquake in  the  direction  parallel  to  the  radar  line  of  sight  (Fig.  2A,  13). 

The three-track  mosaic (Fig. 2A) covers the 170 km -long  section  of  the  fault  that 

ruptured during the  earthquake.  The two half-lobe  patterns  north and south of  the  rupture 

are consistent with a  left-lateral  motion  on  the fault. The maximum range displacement is 

observed  immediately  east of  the  center  of  the  rupture  and  exceeds  1.2  m on each side of 

the fault (Fig. 2B). Assuming  left-lateral slip on  a  N76"E fault, this indicates  that  the  total 

relative offset reached 7 m.  The smoothness of  the contours of  the surface displacement 

field suggests a smooth fault  geometry  and  a smooth distribution  of slip on the  fault at 

shallow depth. The displacement  profiles  perpendicular to the  fault  indicate  a  relatively 

shallow fault depth. Assuming  a  uniform slip distribution  with depth, elastic  dislocation 

modeling (1) shows that  a  fault  depth of -8 km is  required  to  fit the observed displacement 

profiles (Fig. 2B). 

Surface condition  changes  probably  related to strain, ground shaking, and  to  the 

presence  of  water  in ponds are  responsible for the loss of  phase  coherence  near  the  fault 

(Fig. 2A, 3A). To map  the surface rupture  associated  with  the earthquake we  used  the  two- 

component offset field  obtained  by  sub-pixel  registrations  of  the  radar  amplitude  images 

acquired  before  and  after the earthquake (14). Unlike  the  interferometric phase, which  is 

prone  to  coherence loss due to changes in surface conditions, the offset field provides 

surface displacement  estimates in  azimuth  and  range in the  zone  bordering  the surface 

break. The dislocation produced by  the earthquake  was  readily  visible in the  offset fields so 
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that  the 170 km-long  surface  break  could  be  mapped  with  a  precision  of  a  few  image  pixels 

(Fig. 3B). 

To produce the along  strike  slip  distribution  curve we first  constructed  two  profiles 

of  displacement  with  respect to the fixed, far-field  reference south and north  of  the fault. 

For each  point  along  the rupture, displacements  observed  in  the nearest, coherent  areas 

south and north  of  the  fault  were  extrapolated  to  the  fault (Fig. 3A). The  line  of  sight 

projection  of  the slip distribution curve is  the  difference of  the  north and south  displacement 

curves (Fig. 4A). In the  regions  of  overlap  between  adjacent tracks, the observed range 

displacement is systematically  larger  in  the  eastern  track  than  in  the  western  track  (Fig. 4A). 

This discrepancy is due to  the  difference in the  line  of sight incidence  angle  between 

adjacent orbits from  where  the ground is imaged (15). If  we assume that  the  displacement 

of the ground is horizontal, it is possible to correct for the  effect of line of sight projection 

by dividing the  observed  range change at  each  point by  the  sine  of  the  local  incidence  angle 

(16). The result  is  the  projection of  the ground  displacement on the  horizontal axis 

perpendicular  to  the  satellite  track (cross-track) (Fig. 4B). The  agreement  between  the 

cross-track displacement curves observed  from  adjacent orbits confirms that  the 

displacement vector is horizontal  along  the  fault  trace  (Fig. 4B). 

The observed slip distribution  is  bimodal.  The  main  event  ruptured the eastern 150 

km-long  section of the  fault  with  a  maximum  strike-slip offset of 7 m. A sub-event 

ruptured  the  western 40 km-long  section  of  the  fault  with  a  maximum strike-slip offset of 

2.6 m.  If we assume a  uniform slip distribution  over  a  depth of 8 km and an elastic  shear 

modulus of 3.3 x10" N/m2, the  main  event  implies  a  geodetic  moment  of 1.4 x1020 Nm, 

consistent with  the seismic data (17). 

The north  and  south  along-strike  displacement  profiles show a  marked  asymmetry 

with  respect  to the fault. The  profiles  have  a  triangular  shape  between 50 and 150 km  but 

the  maximum  displacement of  the  southern  side  occurs 100 km from  the  western  end of the 

fault, 20 km west  of  where it occurs along  the  northern  side (Fig. 4, A and B). The  north 
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and south displacement  curves  are  the  symmetric  images of  one  another  with  respect to the 

point  located  at 110 krn, 0 cm  on  the  plots  of  Figures 4 A and B. Such a  pattern  cannot be 

accounted  for by models  based  on  linear elastic theory (18). 

A possible explanation for this  asymmetry  is  the  presence  of cracks in  the crust. 

The effects of cracks in  an elastic  medium is to reduce  its  rigidity (19). This effect is non- 

linear  and depends on  the sign  of  the  effective  normal stress resolved on the  crack plane. 

Cracks would  open  in  a  tensile  stress  regime  to  a  greater  extent  than  they  would close under 

a compressive regime  of  the  same  magnitude. Furthermore, new cracks can  be  created in 

tension  but  not  in compression. Thus, the  rigidity  of  the crust in compression should be 

larger than its rigidity  in tension. Such a non-linear  elastic  property has been observed on 

many crustal rock samples in  laboratory  tests and in  borehole  measurements (3). 

To test the effect of  non-linearity  on  the  static  displacement  field  produced  by  a 

strike-slip dislocation in an  elastic  medium,  we  used  a  three-dimensional finte element code 

(20) and assumed different values  of  the  Young's  modulus in compression and  tension as a 

first approximation  of  the  dependence  of  the Young's modulus on the  minor  principal 

stress. We modeled  the  earthquake  dislocation as a  100 km long  and 15 km wide, vertical 

fault plane. The imposed  strike-slip  distribution  has  a  trapezoidal shape with  a  constant 

maximum  value  of 7 m  along  the 20 km-long  central section, linearly  decreasing to 0 m 

toward the two ends of  the  fault. As a  double couple mechanism,  the  planar  fault  geometry 

and  the  symmetry  of slip distribution  define four quadrants  in  the  elastic  half-space, 

separated by  the  fault  plane  and  the  auxiliary  plane.  For  an  east-west,  left-lateral, strike-slip 

fault,  the  northeast  and  southwest  quadrants  are  dilational  and the northwest and  southeast 

quadrants are compressional. We  assigned  different  values  of the Young's modulus  to the 

compressional and  dilational  quadrants  and  compared 3 cases (21). The  first case is the 

linear case where  compressional (Ec) and  dilational  (Ed) Young's moduli  are equal, as in 

the  analytic  solution ( 1 ) .  The  two  other cases are  non-linear  and  assume  compressional 

Young's modulus  values  twice  and  four  times  larger  than  the  tensional Young's modulus 
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value.  The  linear case shows a  slight  asymmetry  between  the two curves with the 

maximum  range  displacement  in the south  occurring -10 km east  of  where  it  is  occurring 

on  the  north side (Fig. 4C). This small  asymmetry is in the opposite  direction from the 

observed asymmetry and is  due to the  effect of projection of  the 3-component  displacement 

vector  on  the  radar line of  sight (22). The  non-linear cases (Ec/Ed=2  and 4) lead  to  a  larger 

asymmetry of  the  fault-parallel profiles, similar to  the  asymmetry  of  the observed profiles 

(Fig. 4, A and C). North and south of the fault, the  location  of  the  maximum  displacement 

is shifted toward the tensile, weaker  quadrant. 

The north-south asymmetry of the  displacement  field  can also be seen in the 

interferometric map  (Fig. 2 A and B). The core of  the contour  lines (fringes) in  the south 

appears to be centered 20 km west  of  where  it is centered  on  the  north side of  the fault. 

This asymmetry  tends to disappear as the  distance to the  fault  increases suggesting that 

non-linear elasticity  is  mostly effective in the  shallow  crust  (-3-5 km). 

Crustal fluids  at  lithostatic  pressure are required to maintain  Mode-1  deformation  of 

cracks effective  at depth. Hydrological studies have  shown  that  earthquake  strain  can 

mobilize crustal fluids to depths of 5 km or more (23). However, processes involving 

crustal fluid flow are known  to  have  relaxation  times  of  the  order of a  few days to  a year, 

depending  on cracks connectivity  and  the  porosity  and  permeability  of  the rocks (23, 24). 

The SAR data acquired on ERS tracks 76,305, and 33 used  in  this study cover 8, 24, and 

40 days of the  post-seismic period, respectively (10). The  agreement  between sections of 

the  displacement curves observed  from  adjacent orbits in  overlapping  parts of the  satellite 

swaths (Fig. 4B) indicates that  the  observed  displacement  was  not  significantly  affected  by 

any relaxation process during  those  periods  of observation. Thus, the observed asymmetry 

of  the  displacement  field  near  the  fault  has  to  be  explained  by  a short term process 

associated  with  the dislocation. These findings suggest that  at shallow  depth (<3km), 

efficient  interconnection  between  cracks  and the  fact  that some  cracks may  not  be 

completely  filled  with  fluids  lead to a  short-term,  non-linear  elastic response of  the crust to 
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coseismic stress changes (25). However,  the short-term response does not preclude longer- 

term  relaxation  of  crustal  fluid pressure gradients  contained  within less connected cracks, 

especially  at  greater  depth (>3 km). The  geodetic  signature  of such processes is not 

observed in  the  along  strike  displacement  profiles  because  of  the short period  of 

observation  after  the  earthquake  and  the  fact  that  processes  occurring at greater depth have a 

small influence  on  the  surface lsplacement field  at  short  distance from the fault. 

We  conclude  that  non-linear  elasticity  related to the  presence  of cracks in the 

shallow crust provides a  plausible  explanation for the observed asymmetric  displacement 

pattern  across  the  Manyi  earthquake fault. Simple  modeling suggests that  a  ratio  of 2 to 4 

between  compressional  and  extensional  Young's  moduli in the shallow part  of  the 

seismogenic crust can account for the  radar observations. Although  extrapolating  values of 

elastic parameters  derived  from  laboratory  measurements  to  large  volumes  of crust must be 

done with caution, a contrast of 2-4 between  compressional  and  tensional  rigidity constants 

is commonly observed in laboratory  test  samples (3). 
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discussions, P.  Lundgren  for  help  with  the  modeling,  and  two  anonymous  reviewers for 

constructive remarks.  ERS  data  were  provided by the  European Space Agency.  The work 

was done at  the  Jet  Propulsion  Laboratory,  California  Institute  of Technology, under 

contract  with NASA. 
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Fig. 1 Active  fault  map  of  the  Manyi  earthquake  area  over  shaded 30 arc seconds 

topographic  map (GTOP030). Faults in  black  are  from (8). Red  line is surface rupture 

mapped  using offset fields (14). Focal  mechanisms  and  epicenter  locations  determined  by 

Harvard  and  by  the  National  Earthquake  Inforination  Center (NEIC) are  depicted (7). 

Yellow symbols show seismicity  between  8 November, 1997  and 3 1 December, 1998 

from NEIC catalog. Circles and stars depict  aftershocks  with  magnitude  smaller  and  greater 

than 4.6, respectively. Black  dot  at  longitude E87.17" and  latitude N34.60" is a shallow 

aftershock visible in S A R  interferogram  and  nearby  red  line is associated  surface  rupture 

(26). Boxes (solid line)  represent  area  covered by ERS tracks  used  here:  track 76 (left), 

track 305 (center), and track 33 (right). Box in dashes shows area  covered  by Fig. 2A. 

Dashed lines indicate location of profiles  shown in Fig.  2B. 

Fig. 2 (A) Interferometric  map showing the  8 November, 1997  coseismic surface 

displacement field. One  full  color  cycle  (blue-red-yellow-blue)  represents 50 cm of ground 

shift away from satellite  along  radar  line  of  sight (1 3).  Uncolored areas are  zones  of low 

phase coherence that have  been  masked  before  phase unwrapping. The  map is a mosaic  of 

three interferograms covering  ERS  tracks 76, 305, and  33 (Fig. 1). Small  color 

discontinuities observed at  frame  boundaries  are  due  to  differences  of  incidence  angles 

between  adjacent  tracks  in  overlapping  regions (15). (B) Observed  (red  and  blue)  and 

modeled (gray) line  of  sight  displacement  profile  perpendicular  to fault. Red  profile  (left 

profile  on Fig. 1) intersect  the  fault  where  maximum  displacement  is observed south of the 

fault. Blue  profile  (right  profile  on Fig. 1) is where  maximum  displacement  is observed 

north of the fault. Fault is modeled  in an elastic  half-space ( 1 )  as  a  vertical plane, 8-km 

deep, with  7  m of slip uniformly  distributed  with depth. 

Fig. 3 (A) Detail  of interferogram  shown in Figure 2A centered  on  surface  rupture at 

longitude 87.3'. Black dots indicate  surface  rupture as mapped  using  offset  fields (14). 
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Range  displacement is measured  north  and  south  of  the  fault  at  white dots and  values  are 

extrapolated  up  to  the  rupture  using  displacement  gradient  estimated  along  line  segments 

(black lines). (B) Detail  of  the  offset  field  in  azimuth  (14)  covering same area  as  in  (A).  The 

surface  break  follows  the  discontinuity in the  offset  field. 

Fig. 4 (A) Observed  range  displacement  distribution  profiles  along south (blue)  and  north 

(green) sides of fault.  Fault slip distribution  (relative  displacement  between  north  and south 

sides) is  shown in  red. (B) Same as (A)  for  cross-track  component of surface 

displacement.  Profiles  are  obtained by normalizing  profiles  shown  in  Figure  4A by the sine 

of the  incidence  angle  (13).  For  horizontal  surface  displacement  the  normalized  quantity is 

independent of the  incidence  angle.  (C)  Modeled,  along-strike  range  displacement  profiles 

assuming linear and  non-linear  elastic  crust.  Colors  are as in  (A).  Dashed  lines correspond 

to  linear (Ec/Ed=l) case. Dotted  lines  (Ec/Ed=2)  and  solid  lines  (Ec/Ed=4)  correspond  to 

non-linear cases (see text). A constant  incidence  angle  of  23" (13) is assumed for 3- 

component  displacement  vector  projection.  North  and  south  profiles  are  measured  at a 

distance of 5 km from  the  fault. 
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